The hydrogen bonding interaction in the Sarcosine (N-methylglycine)-water complex is studied using ab initio, MP2, and density functional theory (DFT/B3LYP). For this complex, binding energies, dipole-dipole interactions, chemical hardness, and chemical potential have been calculated. Three different basis sets, viz. 6-311ϩG, 6-311ϩϩG, and 6-311ϩϩG*, have been used to optimize the geometries by all three methods. The basis set superposition errors are also calculated, and the corrected binding energies are reported for this complex.
Introduction

H
ydrogen bonding is of great importance in chemical and biological systems. It also plays an important role in determining the three-dimensional structures adopted by proteins and nucleic acids. The hydrogen bond is the strongest intermolecular force; it imparts some unusual properties to a number of substances such as water, proteins, and nucleotides. The interactions between the solvent and the various constituent groups of a protein, such as the amino acid side-chains and the backbone peptide group, play a crucial role in the structure and function of proteins in aqueous solution. Because of the complexity of these interactions in the intact macromolecule, one approach to characterize the thermodynamic and hydration behavior of the various constituent groups of proteins is to study low molar mass compounds chosen to model specific structural features of a protein. These compounds are referred to as model compounds. This approach has received considerable attention in recent years. Amino acids are the basic building blocks of proteins and are considered to be the model compound of proteins. In view of the role of water in the structural and functional properties of macromolecules and their interactions, much attention has been paid to the properties of water in an aqueous biomolecular system [1] . Several theoretical studies on environmental effects on the molecular structure of amino acids have been performed [2] [3] [4] [5] [6] .
N-methyl ␣-amino acids are important building elements of many naturally occurring antibiotics and find wide use for the synthesis of conformationally restricted and protease-resistant peptide analogues. Sarcosine and other N-alkylated ␣-amino acids are important biological molecules and are known to accelerate the rate of photosynthesis [7] [8] [9] [10] . Recently, Headley and Stranes [7] studied Sarcosine tautomerization by the ab initio method.
The aim of this work is to analyze the hydrogen bonding interaction between Sarcosine and water complex using the ab initio, MP2, and DFT methods. The optimized geometries for this complex are obtained by above three methods and using different basis sets. Further, weak molecular forces due to dipole-dipole interaction has been computed and analyzed in detail. The role of basis set size, inclusion of electron correlation, diffuse functions and polarization functions are also investigated.
Methods
The ab initio Hartree-Fock level geometry optimization has been performed in a series of steps for the Sarcosine-water complex, using a variety of basis sets. For hydrogen bonding, it is expected that both diffuse and polarization functions may be necessary in the basis set. Thus, the separate influence of diffuse function and polarization function as well as the role played by electron correlation effects (at the level of second-order Møller-Plesset perturbation theory-MP2 (frozen-core)) has been analyzed. Because the atoms involved in the bond of hydrogen-bonded systems are much more sensitive to the basis sets, that is, to use diffuse and polarization function in particular, 6-311ϩG, 6-311ϩϩG, 6-311ϩϩG* basis sets are selected for the analysis, keeping in view the size of basis set within a treatable size. Density functional theory (DFT), a highlevel model, is also approached along with these basis sets. DFT methods perform significantly better than Hartree-Fock-based methods, with only a moderate increase in computational cost, compared with the use of MP2 methods for moderate-size systems in which electron correlation effects are important [11, 12] . The B3LYP hybrid functional, consisting of the Hartree-Fock and nonlocal exchange and correlation parts, are considered in the DFT calculation [13] [14] [15] [16] .
The calculated binding energies obtained with all the above theoretical procedures are corrected for the basis set superposition error (BSSE) [17, 18] using the counterpoise method [19] . The optimized monomer geometries at the same level of theory are used. All such calculations are performed using Gaussian 98W Revision A. 6 [20] . The weak molecular force, dipole-dipole interaction, chemical hardness, and chemical potential have been calculated by using the program developed by our group.
Result and Discussion
The geometry of the Sarcosine-water complex is optimized with 6-311ϩG, 6-311ϩϩG, 6-311ϩϩG* basis sets at ab initio, MP2 and DFT/B3LYP levels of theory. The B3LYP/6-311ϩϩG* optimized geometry of Sarcosine-water hydrogen-bonded cluster is shown in Figure 1 . The calculated hydrogen-bonded geometries for this complex are summarized in Table IA ,B. The optimized geometries using B3LYP/6-311ϩϩG* for the Sarcosine monomer are also given in Table IA 16 ϭ 107.04°. Let us first check the effect of hydrogen bonding on the bond length and bond angles in monomers calculated using B3LYP/6-311ϩϩG*. It can be seen that the distance C 3 OO 6 and O 7 OH 8 is increased, whereas C 3 OO 7 is decreased than the corresponding distance in the Sarcosine monomer 14 . It can be seen that both the hydrogen bond lengths are larger when both, the diffuse function and polarization function are included in the basis set, than the basis set with only diffuse function. On comparing these hydrogen bonding lengths for three different levels of theory with inclusion of diffuse and polarization function (6-311ϩϩG* basis set), it can be seen that r HF Ͻ r MP2 Ͻ r DFT . It can be concluded that the level of theory, basis set size and inclusion of diffusion and polarization function contributing effectively. It is also interesting to note that all respective bond lengths and bond angles obtained by 6-311ϩG and 6-311ϩϩG (basis sets without polarization function) are almost the same. But when the polarization function is included in the basis set, respective bond lengths and bond angles are increased, for all three level of theories. Table II represents the dipole moment for Sarcosine-water complex calculated using different basis sets ands level of theory. The dipole moment varies slightly for the three basis sets at the Hartree-Fock level of theory. However, the dipole moment values changed remarkably when the basis function with diffuse and polarization function are used rather than the basis sets without polarization function, at the MP2 and DFT level of theory. Inclusion of electron correlation and hybrid function has changed the dipole moment considerably. 
where f ϭ 1-3cos 2 i , i ϭ 1,2, W , and S is the dipole moment of water and Sarcosine, respectively, whereas 1 The potential energy of interaction is represented in Table III along with dipole moment of water and Sarcosine calculated using different basis set at different level of theory. Distances O 6 OO 14 (R 1 ) and O 14 OH 8 (R 2 ) are also given in Table III . Here as well, the effect of basis set can be seen. The distance R 1 as well as R 2 are almost the same for the two basis sets 6-311ϩG and 6-311ϩϩG. But with the inclusion of the polarization function, these distances are increased. This is similar to the case of potential energy of interaction (V 1 and V 2 ).
The total energy (E) and binding energies with and without counterpoise corrections (⌬E and ⌬E c ) for Sarcosine-water complex are given in Table IV . The basis set dependence of the binding energy can be seen from Table IV. As observed earlier for bond length and bond angles in a complex, the binding energies calculated using 6-311ϩG and 6-311ϩϩG basis sets are almost identical for all levels of theories, both with as well as without counterpoise corrections. From Table IV , it can also be seen that the largest and smallest discrepancies correspond to the binding energies are predicted with MP2 and DFT methods, respectively. With the basis sets considered here the range of binding energies is Ϫ8.89 to Ϫ11.89, Ϫ9.48 to Ϫ10.92 and Ϫ11.00 to Ϫ14.46 kcal/mol for HF, MP2, and DFT methods, respectively. The BSSE in the computed interaction energies is found to be smallest for the DFT and largest for MP2 method. It can be concluded that the correlation effect does not contribute efficiently to the binding energies.
The chemical hardness () and chemical potential () are two important quantities, which are of Table V . It can be seen that the chemical hardness using the three methods and for different basis sets is increased in the order HF Ͼ MP2 Ͼ DFT , whereas chemical potential is increased in the order DFT Ͼ HF Ͼ MP2. Comparison of the value of for the three basis sets for each method demonstrates that the Sarcosine-water complex is the most stable, according to the maximum hardness principle (MHP), when diffuse and polarization functions are included in a basis set.
Conclusions
The present study reports the hydrogen bonding interaction in the Sarcosine-water complex using HF, MP2, and DFT/B3LYP methods. The results show a strong basis set effect. The results obtained by 6-311ϩG and 6-311ϩϩG are almost identical but with inclusion of polarization function in the basis set, significant difference in the results is observed. The BSSE in the computed interaction energies is found to be smallest for the DFT and largest for the MP2 method. 
